Abstract-Three sites in the Front Range of Colorado, USA, were monitored from May through September 2003 to assess the presence and distribution of pharmaceuticals in soil irrigated with reclaimed water derived from urban wastewater. Soil cores were collected monthly, and 19 pharmaceuticals, all of which were detected during the present study, were measured in 5-cm increments of the 30-cm cores. Samples of reclaimed water were analyzed three times during the study to assess the input of pharmaceuticals. Samples collected before the onset of irrigation in 2003 contained numerous pharmaceuticals, likely resulting from the previous year's irrigation. Several of the selected pharmaceuticals increased in total soil concentration at one or more of the sites. The four most commonly detected pharmaceuticals were erythromycin, carbamazepine, fluoxetine, and diphenhydramine. Typical concentrations of the individual pharmaceuticals observed were low (0.02-15 g/kg dry soil). The existence of subsurface maximum concentrations and detectable concentrations at the lowest sampled soil depth might indicate interactions of soil components with pharmaceuticals during leaching through the vadose zone. Nevertheless, the present study demonstrates that reclaimed-water irrigation results in soil pharmaceutical concentrations that vary through the irrigation season and that some compounds persist for months after irrigation.
INTRODUCTION
Human-derived pharmaceuticals are introduced into the environment in several ways. One important path is through discharge of treated effluent from wastewater-treatment facilities (WWTFs) [1, 2] , most of which predate the identification of pharmaceuticals as potential water contaminants and, as a result, are not designed for complete removal of these microcontaminants. Septic system effluent discharge and disposal of sewage sludge are other potential mechanisms that can introduce pharmaceuticals to surface water, groundwater, and soil. The wastewater source signature of pharmaceuticals also is complex, because pharmaceuticals are used episodically and routinely to ameliorate or control temporal and chronic symptoms of disease [2] . In addition, the types of pharmaceuticals used vary, because new compounds and classes are continuously registered for use. Therefore, the mixtures, composition, and individual concentrations of pharmaceuticals from WWTF discharges have the potential to vary continuously. However, some trends have been identified, and surface water and sediment exposed to WWTF effluent and, to a lesser extent, soil and groundwater that might be affected by sewage sludge disposal have been identified as environments susceptible to pharmaceuticals and other organic wastewater compounds originating from WWTF [1] [2] [3] [4] .
As the range of uses and number of demands for potable water has increased, alternatives to using drinking water for agricultural and landscape irrigation have been of increasing interest. Reclaimed water is gaining use for irrigation; however, little is known about the potential for contamination of surface water and groundwater by use of this source [5] . Re-* To whom correspondence may be addressed (efurlong@usgs.gov).
claimed water is the liquid end product of a WWTF effluent that undergoes additional treatment, including additional disinfection, to ensure its safe use in public areas. Even after additional treatment, the reclaimed water typically contains nitrogen and phosphorus and is considered to be nonpotable water, but the combination of nutrients and water makes it useful for plant irrigation. Many locations throughout the United States, including California, Florida, Colorado, and Arizona, have used reclaimed water to satisfy the demand for irrigation water. In 1993, it was estimated that 2.4% of wastewater effluent was used for irrigation in the United States [6] . Increasing demands on potable water supplies likely will result in increasing use of reclaimed water for irrigation.
Many of the compounds investigated in the present study have been identified previously in surface-water and groundwater sites susceptible to wastewater contaminants from WWTF effluent [3, 4, 7, 8] . Although WWTF effluent is a known source of pharmaceuticals and other organic-wastewater contaminants in the environment, the use of reclaimed water has received little attention as a conduit for introducing such contaminants into the environment. As the use of reclaimed water increases to provide an alternative to potable water for irrigation, its importance as a source of pharmaceuticals into the environment also is likely to increase. Therefore, the overall goal of the project described in the present paper was to determine the presence, fate, and potential for transport of selected pharmaceuticals in soil irrigated by reclaimed water.
The bioactive properties of pharmaceuticals and other wastewater contaminants introduced into surface water and groundwater, which might lead to adverse effects on humans and ecosystems, has yet to be evaluated adequately. In the case of pharmaceuticals, these adverse effects may include the de- velopment of resistance in bacteria exposed to subtherapeutic concentrations of antibiotics and potentially undesired effects of human and veterinary pharmaceutical concentrations on other organisms [1, [9] [10] [11] . In addition to the lack of understanding about the ecological effects that trace amounts of pharmaceuticals in the environment might have, no guidelines have been established regarding acceptable environmental concentrations for the pharmaceuticals measured in the present study. At the time of this writing (2004), U.S. Environmental Protection Agency (U.S. EPA) guidelines for use of reclaimed water regulate control of pathogen content but not concentrations of organic microcontaminants [5, 12] . The presence of polar organic compounds similar to those measured in the present study has been measured previously in solid matrices. Golet [13] identified and measured fluoroquinolone antibiotics in sewage sludge and sludge-treated soil. Bright and Healey [14] made routine measurements of approximately 50 organic wastewater contaminants in biosolids from five WWTFs in the Vancouver (BC, Canada) area. Furlong et al. [15] quantified many of the same compounds measured in the present study in aquatic sediments, suggesting that some of the compounds studied here might accumulate in soil if introduced through irrigation water. To our knowledge, however, such measurements of soil irrigated with reclaimed water have not been published.
MATERIALS AND METHODS

Field sites
Three locations from a medium-sized city in the Front Range of Colorado, USA, that are sprinkler irrigated with reclaimed water from a single source were investigated. These locations consisted of the landscaping in front of the city hall, an area on the 18th fairway of a golf course within the city limits, and landscaping in front of the city's reclaimed-water facility. Soil characteristics and watering frequency for each location are listed in Table 1 . The single source of reclaimed water distributed by the city is effluent from its WWTF, which is treated further before application. The additional treatment includes coagulation and filtration to remove remaining suspended solids and disinfection with chlorine.
Soil cores (depth, 0-30 cm) from each location were collected before the onset of irrigation in the spring of 2003. Once irrigation started for the season, soil cores were collected monthly from May or June until September 2003. Duplicate cores from each field site were collected on each sampling date. A soil corer with a diameter of 5.08 cm was used, and each core was subdivided into six 5-cm segments. After collection and segmentation, the core sections were stored frozen (Ϫ15ЊC) until extraction and analysis.
Accelerated solvent extraction sample preparation
The pharmaceuticals and their metabolites were extracted from the soil by accelerated solvent extraction (Dionex-200; Dionex, Sunnyvale, CA, USA) using a method similar to those described elsewhere for sediments [15, 16] . Approximately 20 g of wet soil were packed into 22-ml, stainless-steel extraction cells. The packed cells were sealed at both ends with circular glass-fiber filters and high-pressure end caps. The soil-packed cells were extracted for three static cycles (10 min each cycle) at 130ЊC and 1.03 ϫ 10 4 kPa. An acetonitrile/water mixture (70:30) was used for the extraction. Typically, the final volume of extract was approximately 20 ml. A 1-ml extract subsample was filtered using a 0.20-m syringe filter into a high-performance liquid chromatography (HPLC) vial, and then the acetonitrile was evaporated under nitrogen. The concentrated aqueous extract volume (ϳ0.3 ml) was increased to 1 ml with 0.050 ml of a 1.59 ϫ 10 Ϫ4 mM nicotinamide-2,4,5,6-d 4 solution, added as an internal standard, and approximately 0.65 ml of a 10-mM aqueous ammonium formate buffer. In addition to extracting ambient pharmaceuticals from the soil core, duplicate soil-core subsamples were amended with 500 ng of each pharmaceutical to assess the effect of the soil matrix on compound recovery. Once amended, the soil matrix samples were extracted using the method described above.
High-performance liquid chromatography/ mass spectrometry
Extracts were analyzed by HPLC coupled with electrospray-ionization/quadrupole mass spectrometry (LC/ESI/MS) in the positive-ion mode (Model LC/MSD quadrupole mass spectrometer; Hewlett-Packard/Agilent, Palo Alto, CA, USA), similar to methods described by Cahill et al. [17] . Samples were analyzed using selected-ion monitoring to improve sensitivity and minimize the effect of coeluting chemical interferences, and at least two ions were monitored for each compound. Three times throughout the present study, triplicate effluent samples from the reclaimed facility were collected for determination of pharmaceuticals and their metabolites ( Table  2 ). The reclaimed-water samples were prepared for analysis using solid-phase extraction and analyzed by HPLC/ESI/MS as described by Cahill et al. [17] .
Pharmaceutical loading
Potential loadings to soil surface and the total mass accumulating in the core were estimated for each pharmaceutical at the city hall and golf course locations. Estimated landscape irrigation volumes were not available for the reclaimed-water facility. Potential loading to soil surface was based on the volume of reclaimed water applied to the city hall and the golf course between May and September 2003 and the approximate area irrigated based on reported measurements from the city and the golf course grounds manager, respectively. In this calculation, losses from volatilization are assumed to be negligible. The concentrations measured in reclaimed-water effluent sampled three separate times were used to estimate the total mass of pharmaceuticals introduced per unit land area for the time interval preceding each effluent sampling (Table 3) .
Quality control
Multiple measures of quality control were used throughout the sample processing and analysis. All soil samples had a method performance surrogate (ethyl nicotinate-d 4 ) added before accelerated solvent extraction. An internal standard (nicotinamide-2,4,5,6-d 4 ) was added to the extract subsample just before LC/MS analysis. Method blanks and spikes were quantified with each set of sample analyses, with no detectable analytes appearing in the blank samples. Method spike recoveries ranged between 63 and 113%, with a mean method spike recovery for all pharmaceuticals of 79 Ϯ 15% (mean Ϯ SD). Matrix spike recoveries for the pharmaceuticals were determined for each field location and ranged between 39 and 94% for all compounds at all three sites. The mean recoveries of soil matrix spikes ranged between 69 and 71% at all three sites. This wider range of individual compound and average recoveries in the field sites is expected given the range in soil texture and organic carbon content (Table 1) . Method detection limits were calculated according to a U.S. EPA procedure [18] and ranged between 0.76 and 5.46 g/kg (Table 4) .
RESULTS AND DISCUSSION
At any one site, the vertical profile of the pharmaceutical concentrations measured in the soil samples for a given month and over the life of the present study shows variation in concentration and composition. It is expected that the compositions and concentrations of the pharmaceuticals in WWTF effluent entering the reclaimed-water facility will fluctuate with season, changes in day-to-day WWTF operational efficiency, and other operational or demographic changes. Thus, variability observed in the reclaimed effluent used for irrigation (Table 2 ) is expected. Loadings of pharmaceuticals to each field site based on the reclaimed-water effluent data are necessarily estimates, because changes in the concentrations of pharmaceuticals in the reclaimed water cannot be predicted from the few data available. However, if the reclaimed-water effluent data are assumed to encompass a typical range of concentrations discharged during the irrigation season, then the mass of pharmaceuticals loaded to the soil, although approximate, should be sufficient for initial comparisons between sites.
The calculated loading estimates of individual pharmaceuticals to the city hall and golf course soils are listed in Table  3 , and data for selected compounds are shown in Figure 1 . Some of these estimates differ because of the small number of samples and inherent variability in the irrigation rates. However, for assessing whether soils retain pharmaceuticals applied in reclaimed water, they are adequate. Pharmaceuticals with estimated loadings greater than 100% indicate that the observed loading of the pharmaceutical in the 30-cm soil core exceeds the estimated mass of pharmaceutical applied during the preceding time interval based on monthly irrigation frequency and the concentration measured in the reclaimed-water effluent and, therefore, represent net accumulation in the soil. The pharmaceuticals measured at all sites displayed a range of behaviors. Cimetidine, warfarin, gemfibrozil, and codeine did not accumulate in the soils and usually were present as very low percentages of the mass applied (Table 3 ). In contrast, other compounds, such as acetaminophen, fluoxetine, caffeine, erythromycin, and carbamazepine, accumulated in the soil in mass amounts consistently higher than the estimated mass applied in any month, indicating that these compounds were retained, at least in part, in the upper 30 cm of soil (Tables 3  and 5-7) . The remaining pharmaceuticals present in either water or soil behaved inconsistently. The retention of some analytes may reflect the interplay of pharmaceutical physical properties and soil characteristics at the different locations. The relative abundance of clay in the golf course soil exceeds that at the other two locations (Table 1) , but this was not the site with the greatest retention of analytes. The organic carbon content at city hall was greater in the top 30 cm than at the other two field sites (Table 1) , and interactions between the pharmaceuticals and soil organic matter may, in part, result in the greater retention of pharmaceuticals, or pharmaceutical loading, at the city hall than at the golf course, despite the higher irrigation frequency at the golf course (Table 3 ). This supposition is made more apparent when the pharmaceutical concentrations are normalized to soil organic carbon. When the integrated total amount of soil pharmaceuticals in the top 30 cm of each core at each field site are normalized to soil organic carbon, the total amounts are similar (Table 8 ). This result suggests that soil organic carbon mediates, in part, the retention of the pharmaceuticals analyzed in the present study. This mediation also likely is dependent, in part, on the physical properties of the pharmaceuticals themselves.
The four most frequently detected pharmaceuticals in the soils (Tables 5-7) -erythromycin, carbamazepine, fluoxetine, and diphenhydramine-have lower water solubility or larger log K ow values than most of the other pharmaceuticals (Table  2) . Erythromycin, carbamazepine, and fluoxetine are three of the five pharmaceuticals measured that have water solubility less than 100 mg/L, and erythromycin, which was the pharmaceutical detected most frequently at the highest concentrations in the soil cores, has the lowest experimental water solubility (1.44 mg/L) ( Tables 2 and 4 ). Pharmaceuticals with solubility lower than 100 mg/L are consistently among the most strongly retained in the soil cores (Table 3 ). This finding suggests that water solubility can act as an indicator of pharmaceutical accumulation in the soil. The most notable exception to this among the pharmaceuticals measured is acetaminophen, which despite being highly water soluble and having a low log K ow , tended to accumulate in the soils.
Concentrations of individual pharmaceuticals measured in the cores typically ranged from 0.02 to 15 g/kg soil dry weight, with the median concentration of all detections being 0.64 g/kg soil dry weight. All 19 selected compounds were identified in at least one sample during the present study. Some compounds, such as carbamazepine and acetaminophen, generally showed an increase in total mass accumulating in the 0-to 30-cm soil interval over the course of the present study (Tables 5-7 ), suggesting that these compounds could accumulate in soil environments exposed to reclaimed wastewater during irrigation. Limited irrigation periods, such as these sites in Colorado, USA, may limit the accumulation of pharmaceuticals in soils when compared to locations such as Florida and California, USA, where irrigation with reclaimed wastewater can occur year-round. It is important to note, however, that pharmaceuticals retained in soils persist after cessation of irrigation (Tables 5-7) . Approximately six months passed between cessation of irrigation in the previous season and the collection of preirrigation soil cores, in which pharmaceuticals were readily detected. During this intervening period, local (and, presumably, pharmaceutical-free) precipitation exceeded 215 mm. In addition, the pharmaceuticals present in soils persisted in the presence of potential leaching or degradation, although it should be noted that soil temperatures likely are lower than those during the irrigation season.
Most of the compounds measured did not show a net accumulation in the soil column over the course of the present study. Several explanations for this outcome are possible. One explanation is that naturally occurring soil microbes metabolized the pharmaceuticals or were degraded by an abiotic mechanism, such as photodegradation at the soil surface, at a rate that kept the overall concentration from increasing. Evidence suggests that biological activity is an important route for pharmaceutical degradation in WWTFs and soils and that photodegradation can be important for some compounds [4, 19, 20] (http://www.eu-poseidon.com). A second explanation is that some pharmaceuticals, such as carbamazepine and erythromycin, were retarded, at least in part, by interaction with the soils, but continuous, low-level transport of other, more soluble or more weakly interactive pharmaceuticals in leachate from the topsoil to subsoil or groundwater also occurred [20] . A number of the pharmaceuticals determined in the present study are slightly hydrophobic and, thus, have longer retention and pharmacokinetic activity in humans or may interact with soil through mechanisms other than hydrophobic partitioning and, potentially, could be transported from the soil surface at low concentrations ( Table 2 ). The 30-cm soil cores were segmented into 5-cm increments to evaluate the vertical distributions of pharmaceuticals through surficial soil at the three sites. Concentration differences within the soil profiles may indicate the potential for these reclaimed water-derived pharmaceuticals to be transported from the soil surface to groundwater. Several pharmaceuticals show subsurface concentration maxima at various depths in the soil profile. Compounds exhibiting a subsurface maximum in at least one field site include acetaminophen, caffeine, carbamazepine, cotinine, dehydronifedipine, erythromycin, fluoxetine, and warfarin. Figure 2 shows the vertical profile of select pharmaceuticals from all three locations, including some of those with subsurface maximum concentrations. The vertical profile suggests that the potential for leaching of these compounds through the soil column is compoundspecific and may be influenced by either interaction with the soil matrix or degradation. In addition, most of the compounds measured had detectable concentrations in the 25-to 30-cm core in at least one sample. These results suggest a potential for pharmaceutical leaching through the top 30 cm of soil only. Because of the limited length of the cores, these data cannot definitively identify leaching of pharmaceuticals to groundwater; depth to water table may be tens of meters or more. Two of the pharmaceuticals measured in soils in the present study, carbamazepine and sulfamethoxazole, have been determined to leach through soil to groundwater when present in irrigation water [20] . Several factors will govern whether groundwater contamination is likely, such as the concentration (and concentration variation) of pharmaceuticals in irrigation water, soil sorption characteristics, irrigation frequency, precipitation, ability of soil microfauna to degrade pharmaceuticals, depth to water table, and physical properties of the soil between the 30-cm soil surface and the water table.
City hall A few of the individual pharmaceuticals showed a somewhat steady increase in total mass during the irrigation season at the city hall site, including acetaminophen, caffeine, carbamazepine, erythromycin, and 1,7-dimethylxanthine (Table 5 and Fig. 1a) . A second group of commonly detected compounds, including cotinine, diphenhydramine, fluoxetine, miconazole, albuterol, and trimethoprim, reached a maximum mass in the 30-cm soil core early in the irrigation season. Several factors could result in this distribution. Down-core migration of pharmaceuticals may occur from either the reclaimed-water irrigation or from pharmaceutical-free precipitation. This result also could be explained by variations in the concentration of these compounds in the reclaimed water or a change in removal/degradation rate. The latter could be accounted for by differences in soil microbial population dynamics. Higher soil temperatures, consistent soil moisture, and perhaps, a steady supply of substrate and nutrients in the reclaimed water could result in greater degradation of the compounds by soil microbes during the summer irrigation period compared to that during the winter months.
The observation of a subsurface maximum for number of pharmaceuticals suggests leaching through the surface 30 cm of soil. Several instances of subsurface maximum concentrations or detectable concentration were observed in the 25-to 30-cm depth (Fig. 2a) . Either of these conditions indicates potential leaching of these compounds through the soil column. Three examples of this phenomenon for the city hall site are shown in Figure 2a . However, whether these pharmaceuticals were transported deeper into the unsaturated zone and, ultimately, reached groundwater cannot be determined from this data.
Golf course
At the golf course site, soil concentrations increased over the course of the present study for several compounds, including acetaminophen, caffeine, carbamazepine, dehydronifedipine, and sulfamethoxazole-a trend similar to the results from the city hall site (Table 6 and Fig. 1b) . Many compounds, including diphenhydramine, erythromycin, fluoxetine, miconazole, and warfarin, reached a maximum concentration in the golf course soil either early or in the middle of the irrigation season. The specific compounds in these two broad groupings differ slightly between field sites and, likely, reflect differing soil dynamics, microbial populations and behavior, watering frequency, or a combination of these factors. A few compounds that show the greatest potential for leaching through the soil column based on data from 0-to 30-cm soil core are shown in Figure 2b .
Reclaimed-water facility
In samples collected from the landscaping at the reclaimedwater facility, acetaminophen, carbamazepine, sulfamethoxazole, and warfarin tended to increase in concentration during the course of the present study, whereas diphenhydramine and fluoxetine reached a maximum concentration early in the irrigation season (Table 7 and Fig. 1c) . Carbamazepine is the only compound that consistently increased in concentration in the soil at all three field sites, likely because it is has a higher log K ow and lower solubility than other measured pharmaceuticals, and it may be more resistant to degradation [21] . As at the other two field sites, several pharmaceuticals showed the potential for leaching through the soil column (Fig. 2c) . The city's reclaimed-water facility had the greatest number of detected analytes at the various soil depths sampled over the course of the present study (Tables 5-7 ). The total mass of pharmaceuticals measured was greatest at the city hall site (Tables 5-7) . Erythromycin, carbamazepine, fluoxetine, and diphenhydramine were the four most commonly detected pharmaceuticals at all three locations, and except for diphenhydramine, all are prescription drugs. In all, 11 of the 19 selected pharmaceuticals are only available as prescription drugs. At each location, the number of detections of prescription drugs was more than twice that of nonprescription drugs, and the overall concentration of prescription drugs was more than fourto ninefold that of nonprescription drugs. This finding may be biased by the greater number of prescription drugs measured compared to nonprescription drugs and might reflect differences in removal during wastewater treatment or differing behavior in soil environments.
At the time of this writing (2004), little data indicate whether the compounds detected in the soil samples from these sites at the range of concentrations measured will have either human or ecosystem effects. Concern has been expressed about the potential for sublethal effects because of continual exposure to subtherapeutic amounts of antibiotics in environmental samples. Evidence suggests that exposure to subtherapeutic doses of antibiotics has resulted in a detectable increase in antibiotic resistance in some bacteria [9, 10] . Other studies have found that a majority of bacterial isolates from WWTFs are insensitive to one or more antibiotics, including species of Aeromonas, Klebsiellae, and Enterobacteriaceae [22] [23] [24] [25] . Antibiotic resistance in aquatic environments has been related to WWTF discharge [26] [27] [28] . In the present study, the antibiotic erythromycin was detected consistently in soil samples at concentrations greater than the other pharmaceuticals and showed the potential to leach through the soil column (Tables 5-7 and Fig. 2 ). The detection of relatively high concentrations of erythromycin compared to other pharmaceuticals detected raises the concern that other antibiotics sharing similar chemical properties may reach the environment in similar quantities.
CONCLUSION
The results of the present research demonstrate that use of reclaimed water can result in the presence and accumulation of pharmaceuticals in soil. The present study also suggests that some of the pharmaceuticals measured may be sufficiently mobile to leach through the top 30 cm of soil and, potentially, into deeper soil layers. Further research is required to determine the extent of migration of pharmaceuticals originating from the application of reclaimed water to soil in irrigation and their potential to reach groundwater. The present results suggest that soil organic matter is a controlling factor in the retention of pharmaceuticals at these sites. Accumulation of pharmaceuticals in soil, such as carbamazepine, may be of concern, especially in areas where year-round irrigation is used. As the use of reclaimed water for irrigation purposes increases, its importance as an environmental source of pharmaceuticals also will increase. It is unknown whether the existence of pharmaceuticals at the concentrations observed in the present study pose a risk to human, or environmental, health. Therefore, further research is necessary to understand the potential for exposure of humans and ecosystems to pharmaceuticals from reclaimed water.
